To avoid immune reactions, a tissue engineered cartilage implant cultivated from the patient´s own cells would be the ideal treatment for replacement of lost cartilage [1] .
Introduction
Traumata, lesions and cancer are common causes of cartilage tissue damage in the head and neck region [1] often resulting in severe deformation with functional loss, disturbance of growth and psychological side effects [2] . precision of these detections.
Methods
Due to high color and intensity variations between the stained microscope images and to compensate for different illumination conditions, a white balancing [6] is first applied to the images. Afterwards, the cell pellet is detected. Its boundary with the scaffold acts as a reference line to calculate the migration depth of the cell nuclei and the lacuna orientation. In a next step, the cell nuclei and the lacunae are detected and several features like size, position, orientation of lacunae or migration depth can be calculated. For evaluation, sensitivity and precision in comparison with manual selection [7] can be derived. The dataset for the evaluation of these algorithms consists of 50 images recorded during 3 different bioreactor cultivations. These methods are explained in detail in the following sections.
White balance algorithm
The background in many of the recorded images, which can be assumed to be white, can be manually selected in one of the corners of the picture. However, as this is not the case in all images, we use the inside of the lacunae for the white reference for balancing. Therefore, an automatic lacuna detection is performed first. A margin is subtracted from the detection border to ensure that no edge artefacts are contained. The color values from this area are used for the white balance (explained below). Although the identification of each single lacuna was not necessary, it is crucially important that false-positive lacunae were not included in the detection phase. The original image is presegmented by the S-and the Vvalue in the HSV color space. Consequently, an ellipse is fitted through each detected area. This fitting is validated by subtracting the ellipse image and the presegmented image as illustrated in figure 2.
If there is a difference higher than the median calculated of all the difference values, the correspondent segment is rated as non-lacuna. The 75% quantile color value of the detected lacunae is used to convert the original image via linear transformation [8, 9] . This fraction was precalculated by comparing lacuna histograms and background histograms. 
Pellet detection and border polynomial
Segmentation between pellet and scaffold is performed using a texture filter, particularly the entropy filter [10] . Here, the entropy, i.e. the "disorder" of the pellet texture, which is mainly due to the staining solution and cell nuclei in the pellet, is exploited. Subsequent to binarization, morphological operations (closing, filling [11] ) are used to close any gaps and to solidify bridges. The edges of the pellet are separated and approximated with a linear polynomial, used for calculating the lacunae orientation. This is then converted into the form (1) whereas t is the shortest distance between the line and the origin of the coordinate system and m is the angle relative to the horizontal of the image. For evaluation of the pellet segmentation, a line is manually labelled on the border between pellet and scaffold. Means and standard deviations of the parameters (t and m) are calculated for use in comparison between models. 
Cell nuclei detection and migration depth
Separate to the white balanced image, a color-spread image is created and the difference between these two images is calculated. This results in an image, where the stained areas are accentuated, exploiting the high color density of the stain, which then is spread. Following this procedure, different thresholds for binarization are formed on the difference image. This results in segments, which are the masks for the white balanced image. On these segments we calculated image eccentricity (0=circle; 1=line), color value, and standard deviation of the H and V channel. Based on these results, the segment is classified as a nucleus or as a non-nucleus. Nuclei detection is evaluated by calculating the sensitivity (eq. 2) and precision (eq. 3) by comparing the manually labeled cell nuclei with the detected results.
where TP means the number of true positives, FP the number of false positives, and FN the number false negatives.
Lacunae detection and orientation
Though a first lacunae detection is already performed prior to white balancing, this algorithm is not focusing on sensitivity. Therefore, an enhanced lacunae detection step is executed. The white balanced image is transformed into the HSV space and regions of high V-and low S-values below the pellet-scaffold boundary are selected by applying a threshold. Subsequently, closely spaced lacunae are grouped together as a conglomerate segment via morphological operators (closing, filling, opening). At this point, lacunae whose area is significantly above a threshold, are excluded. The lacunae and conglomerates are then approximated by ellipses. The orientation of the semi-major axis is defined as the orientation of the lacunae, relative to the border polynomial. This lacuna detection step is evaluated by calculating the sensitivity (see eq. 2) and precision (see eq. 3). The evaluator then manually assessed the provided image sections to vote whether they really were lacunae. This results in the false positives for lacunae detection. For the orientation, it is very hard to get ground truth data. Therefore, a subjective evaluation value is created by determining whether the lacunae orientations were considered to be correct by an evaluator, leading to the true positive and false positive rates.
Results

White balance algorithm
Comparison of V-values histograms is performed by using the Euclidean distances for calculating the shape difference of two histograms [12] relative to the histogram of the first image of the series. This yields an average value of the Euclidean distances of 0.2304 with the standard deviation of 0.106.
Pellet detection and border polynomial
From the difference between the algorithmically calculated and the manually constructed boundary lines, mean and standard deviation (std) of 7.32 pixels (std 3.48 pixels) is calculated for the distance from the origin, and 4.37° (std 1.97°) for the angle calculation.
Cell nuclei detection and migration depth
The sensitivity for nuclei detection is 41.6% with a precision of 72.5% over all images. Figure 4 shows an extract of the cell detection and the calculated migration depth. 
Lacunae detection and orientation
The sensitivity for overall lacuna detection is 85.6% with a precision of 83.1%. An exemplary lacunae detection with calculated orientation is presented in figure 5 .
Conclusion
We have presented an algorithm to objectively quantify the cultivation process. This proposed method demonstrates acceptable levels of precision (83%) and sensitivity (86%) for the detection of lacunae, which may provide the opportunity to correlate reliable lacuna values without the need for manual labeling. Although we observed reasonable precision for the detection of cell nuclei, the level of sensitivity (42%) requires further improvement. One possibility could be the use of a machine learning algorithm for classification. This should reduce the number of false negative detections. Nevertheless, the determined migration distance should hardly be affected if detected cell nuclei are distributed normally.
Author Statement
Research funding: This work is part of the project "BioopTiss" supported by the Bundesministerium für Bildung und Forschung (Foerderkennzeichen 03FH00813). Conflict of interest: Authors states no conflict of interest. Informed consent: Informed consent is not applicable. Ethical approval: The conducted research is not related to either human or animals use.
